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Differential Regulation of Slow and Rapid Delayed Rectifier Potassium
Currents by cGMP Dependent Nitric Oxide Signalling Pathways in
Isolated Adult Guinea Pig Ventricular Myocytes
Rachel E. Caves1, Kieran Brack2, Andre´ Ng2, John Mitcheson1.
1Cell Physiology and Pharmacology, University of Leicester, Leicester,
United Kingdom, 2Cardiovascular Sciences, University of Leicester,
Leicester, United Kingdom.
Nitric oxide (NO) signalling pathways are reported to regulate cardiac repo-
larisation. This was investigated using BAY 60-2770, which activates soluble
guanylyl cyclase (sGC) in a NO and haem independent manner to generate
cGMP. Action potentials (APs) and currents were recorded from isolated
guinea pig ventricular myocytes at 37oC using the perforated patch clamp
technique. APs were stimulated at 2 Hz. The slow and rapid delayed rectifier
potassium currents, IKs and IKr were measured as tail currents elicited by a
voltage step from þ40 mV to 50 mV. The following experiments were
carried out in the presence of 100 mM IBMX (3-Isobutyl-1-methylxanthine)
a non-selective phosphodiesterase (PDE) inhibitor. 1 mM BAY 60-2770
lengthened APD90 by 15.7 ms (p<0.05, n=7), suggesting that sGC activation
and an increase in cGMP inhibits repolarising currents. Further experiments
showed that IKs was inhibited by BAY 60-2770. IBMX alone enhanced IKs
by 77 5 9 % (p<0.001, n=8) and subsequent addition of BAY 60-2770
reduced the IBMX dependent enhancement of IKs by 68 5 2 % (p<0.001,
n=8). This suggests that PDE inhibition permits IKs to be inhibited by
cGMP dependent NO signalling pathways. The sGC mediated inhibition of
IKs by BAY 60-2770 is unlikely to be due to phosphorylation by protein
kinase G (PKG) because the inhibition remained in the presence of 100
nM KT-5823, a PKG inhibitor and because PKG activation with 100 mM
8-bromo-cGMP had no effect on IKs. IKr was not regulated by PDE inhibition,
sGC activation or PKG activation. Overall, these findings suggest that cGMP
dependent NO signalling pathways regulate IKs, but not IKr, via a PKG inde-
pendent mechanism.
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A Trek-Like KD Channel Current Inhibited by Norepinephrine in Rat
Atrial Myocytes
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Accumulating evidence indicates that two-pore domain Kþ (K2P) channels
contribute to atrial background Kþ currents. Atrial background Kþ currents
are modulated by norepinephrine (NE). However, the identity of the underly-
ing channels and the mechanisms of their modulation remain unclear. This
study aimed to investigate the norepinephrinergic modulation of rat atrial
Kþ currents. Whole-cell rat atrial myocyte currents were recorded at 36C.
NE (1 mM) increased L-type Ca2þ current (ICaL) by 205540 % (n=6) and
inhibited the steady-state outward current (IKss) by 42.154.3 % (n=7). The
NE-dependent inhibition of IKss was: abolished by blockers of the K2P chan-
nel, TREK-1 (K2P2.1), fluoxetine (100 mM) and mibefradil (2.5 mM), partially
reduced by 4-aminopyridine (3 mM, 14.652.7 %, n=5; P<0.0001) and unaf-
fected by blockers of the K2P channels, TASK-1 (K2P3.1) and TASK-3
(K2P3.3), Zn
2þ (1 mM). Conversely, NE-dependent inhibition of IKss was
potentiated (60.953.9 %, n=5; P<0.01) by the arachidonic acid analogue,
EYTA (10 mM). Noise analysis revealed a unitary conductance of
33.057.5 pS for the NE-sensitive channel (n=8). Theeffectof 1 mM NE on
IKss was abolished by b1/b2-adrenoceptor non-selective propranolol (1 mM).
The action of NE on IKss, but not ICaL, was abolished by pertussis toxin-
treatment. NE prolonged APD30 by 52519 % (n=5; P<0.05). In conclusion,
NE inhibits a TREK-like Kþ channel current via a pertussis toxin-sensitive
pathway that contributes to action potential prolongation in rat atrial
myocytes.
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Modulation of K2P K
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Dierk Thomas.
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The b-receptor antagonist carvedilol exerts multichannel blocking properties.
K2P2.1 (TREK1) and K2P10.1 (TREK2) channels are expressed in the heart
and regulated by alternative translation initiation (ATI) of their mRNA, produc-
ing functionally distinct channel variants. The first objective was to investigate
acute effects of carvedilol on human K2P2.1 and K2P10.1 channels. Second, we
sought to study ATI-dependent modulation of K2P K
þ current sensitivity to
carvedilol.Wild type and mutant K2P2.1 and K2P10.1 currents were recorded from
Xenopus oocytes and HEK 293 cells. Carvedilol caused concentration-
dependent inhibition of K2P2.1 channels (IC50,oocytes = 20.3 mM; IC50,HEK =
1.6 mM). The drug targeted K2P2.1 channels in voltage-dependent and
frequency-independent fashion. When K2P2.1 isoforms generated by ATI
were studied in isolation in oocytes, the IC50 value for carvedilol inhibition
of full-length channels (16.5 mM) differed by 4.8-fold from the truncated chan-
nel variant (IC50 = 79.0 mM). Similarly, related K2P10.1 channels were blocked
by carvedilol (IC50,oocytes = 24.0 mM; IC50,HEK = 7.6 mM) and subject to
ATI-dependent modulation of drug sensitivity.
In conclusion, carvedilol targets K2P2.1 and K2P10.1 K
þ channels. Drug sensi-
tivity of cardiac ion channels K2P2.1 and K2P10.1 is modulated by alternative
mRNA translation initiation.
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Angiotensin II in Atrial and Ventricular Mouse Myocytes
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Atrial fibrillation (AF) is the most commonly encountered arrhythmia in clin-
ical practice. Additionally, cardiac hypertrophy and arrhythmias have been
associated with chronic activation of the renin-angiotensin system (RAS)
during which the detrimental effects of angiotensin II (ANG II) are mediated
by the type 1 ANGII receptor (AT1R). Nonetheless, it remains poorly
understood whether a cause-effect relation exist between AT1R overstimula-
tion and AF. Previously, we demonstrated that mice with cardiac-specific
overexpression of AT1R (AT1R mice) had reduced ventricular Kþ and
L-type Ca2þ currents (ICaL). Conceivably, similar changes in these ionic cur-
rents could occur in the atria thus, promoting the development AF. Accord-
ingly, we hypothesize that AT1R mice have reduced density of Kþ currents
and ICaL.
Atrial myocytes were isolated from control and AT1R male mice at age 50
and 180 days specifically, before and after the occurrence of structural
cardiac remodelling. Ionic current density (pA/pF) was measured by the
patch-clamp technique. Data shows that at 180-days, cell capacitances were
43% higher in AT1R mice compared to controls, but total Kþ currents
(at þ30 mV) were similar between control (14.150.9, n=39) and
AT1R (12.650.8, n=31). Moreover, peak ICaL densities in 50-days were
also comparable between these two groups (CTL: 4.250.3, n=21;
AT1R:-3.750.2, n=25). In contrast, at 180-days, a 33% decrease in
maximum ICaL was noted in the AT1R mice atrial myocytes compared to
controls. (CTL: 5.450.4, n=28; AT1R: 3.650.2, n=26). This reduction
in ICaL density was correlated with a decrease in mRNA expression of the
CaV1.2 underlying subunit.
Overall, this study shows that ICaL but not K
þ currents are modulated by an
ANGII-induced atrial hypertrophy, also highlighting a different regulation of
these ionic currents in the atria compared to the ventricles.
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Nonlinear Behavior of Conduction in Cardiac Tissue with Heterogeneous
Expression of Connexin 43
Yann Prudat, Jan P. Kucera.
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Altered cardiac gap junctional coupling is known to potentiate slow conduction
and arrhythmias. However, the effects of heterogeneous connexin expression
have scarcely been studied. Therefore, our aim was to investigate conduction
in tissue consisting of two cardiomyocyte populations expressing different con-
nexin levels.
Conduction velocity was measured using microelectrode arrays in cultured
strands of fetal murine ventricular myocytes with predefined contents of
connexin 43 knock-out (Cx43KO) cells (0 to 100% in steps of 10%) after
1 min of pacing at 3.33 Hz. Corresponding computer simulations of conduc-
tion with a subcellular discretization (2.5 mm) were run in randomly gener-
ated two-dimensional tissues mimicking the cellular architecture of the
strands.
In the cultures, the relationship between CV and Cx43KO cell content was
highly nonlinear. CV first decreased abruptly from 42.152.7 to 7.552.3
cm/s when Cx43KO content was increased from 0 to 50% (n=52 and 12,
respectively, p<0.001). When the Cx43KO content was R60%, CV became
comparable to that observed in 100% Cx43KO strands (2.350.2 cm/s,
n=18). Furthermore, combining Cx43KO and wild-type cells resulted in hetero-
geneous conduction patterns. The simulations replicated this behavior of con-
duction. For Cx43KO contents of 10-50%, conduction was slowed due to
wavefront meandering between Cx43KO cells. For Cx43KO contents
Sunday, February 16, 2014 121aR60%, clusters of remaining wild-type cells acted as currents sinks that
impaired conduction. For Cx43KO contents of 40-60%, conduction was prone
to unidirectional or bidirectional block, while conduction did not block for
larger or smaller Cx43KO contents.
Thus, conduction velocity and stability behave in a nonlinear manner when
cells expressing different connexin amounts are combined. This behavior
results from heterogeneous source-sink relationships at the cellular level. In
the context of cardiac cellular therapies, such behavior may be arrhythmogenic
if transplanted cells and recipient tissue form a heterogeneously coupled
substrate.
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Background: Loss of the rapid delayed rectifier Kþ current (IKr) leads to
remarkable action potential duration (APD) prolongation and instability
(measured by its short term variability; BVR). It is unknown whether APD
and its BVR can be separately modulated and which among IKr gating proper-
ties is more influential in determining them.
Aims: to investigate 1) whether the effects of IKr blockade (by E4031) on APD
and BVR are necessarily concordant; 2) the sensitivity of APD and BVR to
changes in specific IKr gating parameters.
Methods: a numerical IKr model (mIKr) was constructed to fit E4031-sensitive
current, previously recorded under AP-clamp conditions in guinea-pig ventric-
ular myocytes. Native IKr was blocked by E4031 and replaced by mIKr under
Dynamic-Clamp (DC) conditions. Once established that mIKr was able to fully
revert the effect of E4031 on APD and BVR, we tested the effect of negative
and positive changes in its gating parameters. Maximal conductance (gmax),
mid-potentials activation (V0.5A) and inactivation (V0.5I) and activation/
deactivation time-constant (tau) were considered.
Results: E4031 increased APD and BVR. mIKr injection restored APD and
BVR (NS vs control). Shifts in V0.5I changed APD and BVR concordantly,
both being increased for a 15 mV shift and decreased for þ15 mV one. On
the other hand, aþ15 mV shift of V0.5A or a 35% reduction in gmax increased
BVR without affecting APD significantly. Changes in tau (550%), did not
affect APD and BVR significantly, but an opposite trend was observed for
the two variables.
Conclusions: 1) restoration of the control APD and BVR by mIKr indicates that
known IKr properties are adequate to account for IKr impact repolarization and
its stability; 2) APD and BVR tend to change concordantly but they may be
independently affected by changes in gating properties.
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Reducing Oxidative Stress and CaMKII Activity as an Antiarrhythmic
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Multiple lines of evidence have suggested that increased oxidative stress
and activation of Ca2þ-calmodulin-dependent protein kinase II (CaMKII)
are proarrhythmic in various diseased heart models. In the present study we
have evaluated the involvement of oxidative stress and CaMKII pathway in
antiarrhythmic mechanisms in a unique coronary artery occlusion (CAO)-
induced arrhythmia model in woodchucks. Woodchucks, are true hibernators,
and in winter they survive without food or water or activity and their
hearts are more resistant to cardiac arrhythmias than in summer. We conduct-
ed Western blotting analyses and compared the expression levels of key anti-
oxidant enzymes. In control hearts (without CAO) the expression level of
catalase was higher in winter than in summer, while the MnSOD levels
were the same. While CAO (24 hrs) upregulated both catalase and MnSOD,
the increase in catalase was greater in winter than in summer. Meanwhile,
oxidized CaMKII (activated form) levels were lower in winter than in
summer. The effects of the CaMKII inhibitor KN-93 on CAO-induced
arrhythmias in summer were also evaluated. We carried out CAO surgeries
and monitored ECG by telemetry for 24 hrs. KN-93 was administrated with
an initial bolus injection followed by a continuous delivery via osmotic mini-
pumps. Arrhythmia scores were evaluated and compared to the control group.
KN-93 significantly decreased the arrhythmia score in woodchucks in summer
(3.4 5 0.4) to a lower level (1.3 5 0.6, p<0.05), which is similar to that
observed in winter (1.6 5 0.3), suggesting the reduction of CaMKII activity
may account for the adaptation for the heart’s resistance to CAO-inducedarrhythmias during winter in woodchucks. These results suggest that manip-
ulation of CaMKII signaling may hold therapeutic potential for treating
cardiac arrhythmias.
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Brugada syndrome (BS) is a genetically determined cardiac electrical
disorder, characterized by typical electrocardiography (ECG) alterations,
and it is an arrhythmogenic syndrome that may lead to sudden cardiac death.
The most common genotype found among Brugada syndrome patients is
caused by mutations in the SCN5A gene, which lead to a loss of function
of the cardiac sodium (Naþ) channel (Nav1.5) by different mechanisms.
Here, we report that a novel nonsense SCN5A mutation, L812Q, localized
in the transmembrane region DII-S4 of the Nav1.5 channel, was identified
in an index patient who showed a Brugada syndrome type 1 ECG
phenotype. The mutation was absent in the patient’s parents and brother.
Expression of the wild-type (WT) and L812Q mutant Nav1.5 channels
in human embryonic kidney cells (HEK293 cells) reveals that the mutation
result in a reduction of Naþ current density and a ~20 mV negative shift
of the voltage dependence of inactivation. However, the voltage dependence
of activation and the time course for recovery from inactivation are not
altered by the mutation. The negative shift of the steady-state inactivation
curve reduced the Naþ window current. In addition, western blot and
confocal laser microscopyimaging experiments suggest that the mutant chan-
nels may be retained in the endoplasmic reticulum, resulting in less channel
expression at the membrane surface. Decreased membrane surface expres-
sion, a negative shift of voltage dependence of inactivation, and a decline
of Naþ window current in the L812Q mutant may lead to a reduction of
Naþ current during the upstroke of a cardiac action potential and an inhibi-
tion of the reopening of inactivated Naþ channels during the repolarization
phases, all of which may contribute to the development of Brugada
syndrome.
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The effect of infrared laser stimulation of excitable tissue was explained by
the rise of temperature that increases the cell membrane capacitance, which
causes cell depolarization and action potential activation (Shapiro et al.,
Nat. Commun. 3:736, 2012). As in cardiac myocytes the relation of cell
capacitance and temperature is not well known, we studied the dependence
of membrane capacitance on the bath temperature under steady-state condi-
tions in isolated rat ventricular and atrial myocytes. Individual myocytes
were whole-cell patch clamped and the membrane capacitance was re-
corded by the high-resolution square wave stimulation method (Nova´k
and Zahradnı´k, Ann. Biomed. Eng. 34:1201, 2006). The bath temperature
was increased by means of a temperature controller at a rate of 0.1C/s
from about 23C to about 33C. Experiments on 6 atrial and 3 ventricular
myocytes provided an average increase of the cell capacitance by 0.30 5
0.02 %/C that corresponds to 0.17 5 0.03 pF/C for an average myocyte
of 56.6 5 9.9 pF capacitance (mean 5 SEM). The increase of capacitance
was proportional to the cell capacitance (R=0.81). There were no significant
differences between atrial and ventricular myocytes in the temperature
sensitivity of membrane capacitance. The temperature increase caused no
mechanical activity or changes in the shape of myocytes. These data are
in quantitative agreement with the data obtained on HEK cells and
bilayers (Shapiro et al., Nat. Commun. 3:736, 2012) and confirm the effect
of temperature on cell capacitance in the case of cardiac myocytes, thus
